Chloroplast biogenesis, visible as greening, is the key to photoautotrophic growth in plants. At the organelle level, it requires the development of nonphotosynthetic, color-less proplastids to photosynthetically active, green chloroplasts at early stages of plant development, i.e., in germinating seeds. This depends on the import of thousands of different preproteins into the developing organelle by the chloroplast protein import machinery [1] . The preprotein import receptor TOC159 is essential in the process, its mutation blocking chloroplast biogenesis and resulting in albino plants [2] . The molecular mechanisms controlling the onset of chloroplast biogenesis during germination are largely unknown. Germination depends on the plant hormone gibberellic acid (GA) and is repressed by DELLA when GA concentrations are low [3, 4] . Here, we show that DELLA negatively regulates TOC159 protein abundance under low GA. The direct DELLA-TOC159 interaction promotes TOC159 degradation by the ubiquitin/proteasome system (UPS). Moreover, the accumulation of photosynthesis-associated proteins destined for the chloroplast is downregulated posttranscriptionally. Analysis of a model import substrate indicates that it is targeted for removal by the UPS prior to import. Thus, under low GA, the UPS represses chloroplast biogenesis by a dual mechanism comprising the DELLA-dependent destruction of the import receptor TOC159, as well as that of its protein cargo. In conclusion, our data provide a molecular framework for the GA hormonal control of proplastid to chloroplast transition during early plant development.
In Brief
Chloroplast biogenesis is critical for survival of germinating seeds. Shanmugabalaji et al. show that gibberellic acid (GA) controls chloroplast biogenesis. When GA is low, the chloroplast import receptor TOC159 interacts with DELLA and together with its cargo proteins via the UPS. A framework for proplastid-to-chloroplast transition is provided.
RESULTS AND DISCUSSION
Chloroplasts are the photosynthetic organelles of plants and members of the larger plastid family. Chloroplast biogenesis as the transition from proplastids (undifferentiated plastids in plant embryos) to chloroplasts in very young plants has rarely been investigated so far and promises new insight into the controlling mechanisms. The assembly of the photosynthetic apparatus during chloroplast biogenesis depends on the import of thousands of different preproteins by the chloroplast protein import machinery. The core of the preprotein import machinery at the outer chloroplast membrane consists of the TOC75 protein-conducting channel and the import receptors TOC33 and TOC159 [5] [6] [7] . In seeds, DELLA factors cooperate to stall seedling establishment by promoting abscisic acid (ABA) synthesis and accumulation upon seed imbibition. Arabidopsis DELLAs are encoded by five genes: RGL1; RGL2; RGL3; RGA; and GAI [3] . Gibberellic acid (GA)-dependent downregulation of DELLA abundance is central in chlorophyll and carotenoid biosynthesis during the differentiation of functional chloroplasts and also regulates chloroplast division and grana stacking in mesophyll cells [8, 9] . TOC159 and RGL2 Protein Levels Are Inversely Regulated during Seed Germination RGL2 plays a predominant role in repressing seedling establishment because RLG2 mRNA expression is positively regulated by ABA, thus introducing a positive feedback loop sustaining high RGL2 accumulation [10] [11] [12] . On Murashige and Skoog (MS) medium, favorable to germination, RGL2 protein was detected until 24 hr after imbibition, after which increasing GA concentrations lead to its downregulation, consistent with previous results [13] . TOC159 protein levels began to increase strongly after RGL2 disappeared 36-48 hr after imbibition ( Figure 1A ). Under unfavorable germination conditions, such as canopy light or high temperatures, GA synthesis is repressed, which promotes DELLA accumulation. To mimic those conditions, seeds were placed on MS medium containing paclobutrazol (PAC), an inhibitor of GA synthesis. As expected, PAC-treated seeds accumulated high RGL2 protein levels, which remained high while TOC159 levels were reduced, consistent with the absence of greening ( Figure 1B ). We also compared the effects of PAC on wild-type (WT) to those on the della single mutant rgl2 and the triple mutant rgl2/gai/rga, in which seedling germination and chloroplast biogenesis proceeds despite reduced concentrations of GA ( Figure S1A ). In PAC-treated WT seeds, TOC159 levels were strongly diminished when compared to untreated seeds, and in rgl2 and rgl2/gai/rga mutants, no PAC effects could be observed ( Figures S1B and S1C ). Like TOC159, TOC33 was diminished in WT in the presence of PAC ( Figures 1C and 1D) . Interestingly, PAC treatment had no effect in WT on the levels of TOC132 and TOC120, two homologs of TOC159 that are not specifically required for chloroplast biogenesis ( Figures 1C and 1D ) [14] .
TOC159 Protein Level Is Downregulated
Posttranscriptionally under Low GA We next explored how DELLA factors could repress TOC159 accumulation when GA synthesis is inhibited. Under low-GA conditions, RGL2, together with other DELLA factors, promotes endogenous ABA accumulation [10, 11, 15] . Thus, in PACtreated WT seeds, the diminished TOC159 protein levels ( Figures 1B, 1C , and 1F) could potentially be attributed to endogenous ABA repressing TOC159 mRNA accumulation or negatively regulating TOC159 accumulation posttranscriptionally. We tested these hypotheses in turn. PAC-treated WT and rgl2 seeds had similar TOC159 mRNA expression, showing that low TOC159 accumulation in PAC-treated WT seeds relative to Figure S1 .
rgl2 mutant seeds cannot be attributed to low TOC159 mRNA levels ( Figure 1E ) [16] . Mutant seeds lacking one or several DELLA factors do not accumulate endogenous ABA upon imbibition in presence of PAC. In order to evaluate whether endogenous ABA negatively regulates TOC159 accumulation posttranscriptionally, we added ABA together with PAC in the germination plates in order to compensate for low endogenous ABA levels in mutant seeds lacking DELLA factors. Thus, we incubated PAC-treated rgl2, rgl2/gai/rga, and rgl1/rgl2/rgl3/rga/gai (della-null mutant) seeds with ABA, which blocked their germination and greening as for WT seeds (Figure S1A) . Strikingly, TOC159 levels remained low in PAC-plus ABA-treated WT seeds relative to rgl2, rgl2/gai/rga, and rgl1/ rgl2/rgl3/rga/gai (Figures 1F and S1B-S1D).
We also analyzed TOC159 protein levels in the sly1-2 mutant, which accumulates high RGL2 protein levels upon imbibition [10] . The sly1 mutant cannot germinate or green unless the tegument is removed [17] . sly1-2 seeds had visibly lower TOC159 levels compared to WT and rgl2-13. The sly1-2 phenotype was rescued in the sly1-2/rgl2-13 double mutant, which had near-WT levels of TOC159 ( Figure 1G ). Collectively, these results therefore are not consistent with the notion that high endogenous ABA levels triggered by DELLA factors under low-GA conditions are responsible for repressing TOC159 accumulation in seeds. Rather, they strongly suggest that DELLA factors could directly repress TOC159 accumulation posttranscriptionally in a manner unrelated to their role in stimulating endogenous ABA levels.
TOC159 and DELLA Proteins Interact Directly
Up to here, our understanding of the role of RGL2 and other DELLAs in proplastid to chloroplast transformation during seed germination is very limited. To explore it, we carried out a yeast two-hybrid screen using RGL2 as the bait, and TOC159 itself was identified as an interaction partner of DELLAs. The TOC159 protein is composed of three domains: the N-terminal acidic domain (A-domain), central GTPase domain (G-domain), and C-terminal membrane domain (M-domain) ( Figure S2 ) [2] . All DELLA factors physically interacted with the TOC159 G-domain in the two-hybrid assay (Figure 2A ). The G-domain of the receptor TOC33 failed to interact with DELLA, indicating specificity of the DELLA-TOC159 G-domain interaction (Figures 2A and S2) .
Co-immunoprecipitation of GFP-TOC159GM and MYC-RGL2 from extracts of co-infiltrated Nicotiana benthamiana leaves confirmed the interaction in planta ( Figure 2B ). In vegetative plants, GFP-TOC159GM localizes at the outer envelope of the chloroplast membrane, whereas RFP-RGL2 is localized in the nucleus. However, when RFP-RGL2 and GFP-TOC159GM were expressed together, fluorescence co-localized in the nucleus ( Figure 2C ). Fluorescence also appeared in the nucleus by bimolecular fluorescence complementation (BiFC) upon co-expression of YFC-TOC159GM and YFN-RGL2 in N. benthamiana leaves ( Figure 2D ). NTAP-TOC159GM isolated from transgenic seedlings grown in the presence of PAC was associated with RGL2 as well as TOC75 ( Figure 3A) . In a reverse experiment, TOC159 associated with RGL2-HA purified from estradiol-inducible RGL2-HA seedlings grown in the presence of PAC ( Figure 3B ). This corroborates the notion that RGL2 interacts with TOC159 in vivo. Moreover, recombinant RGL2 inhibited the in vitro outer membrane insertion of synthetic TOC159 in isolated chloroplasts, suggesting that it also functions to sequester TOC159 ( Figure S3 ). Consistent with this notion, DELLAs have been shown to sequester interaction partners other than TFs in the nucleus, such as the prefoldin complex [18] .
DELLA Promotes TOC159 Degradation by the Ubiquitin/ Proteasome System
Besides their role in interfering with transcription factor (TF) activity [19] [20] [21] [22] , it has been demonstrated that DELLA mediates phytochrome interacting factor (PIF) degradation by the ubiquitin/proteasome system (UPS) [23] . TOC159 is a known target of ubiquitination and proteasome degradation [24, 25] . Therefore, DELLAs may promote TOC159 degradation via the UPS to repress chloroplast biogenesis under low-GA conditions. To evaluate this hypothesis, we first addressed whether TOC159 regulation by the UPS could be detected. PAC-treated WT seedlings incubated with MG132 (a proteasome inhibitor) had increased TOC159 levels, implicating degradation by the UPS (Figures 3C and 3D ). Ubiquitination of TOC159 was confirmed after immunoprecipitating GFP-TOC159GM and anti-ubiquitin western blotting in the presence of PAC ( Figure 3E ).
Ubiquitin-Proteasome-Mediated Degradation of TOC159 Is SP1 Independent under Low GA Chloroplast outer membrane ubiquitin E3 ligase SP1 has been implicated in the remodeling of the TOC complex by the UPS during plastid developmental transitions as well as stress, and TOC159, -75, and -33 are known targets of SP1 [24, 26] . To address the role, if any, of SP1 in DELLA-mediated TOC159 degradation, we analyzed PAC-treated sp1 mutant seedlings. In the presence of PAC, TOC33, -75, and -159 were decreased in WT, but not in rgl2 or rgl2/rga/gai. Surprisingly, only TOC33 and -75, but not TOC159, were increased in the presence of PAC in sp1 when compared with WT ( Figures 3F and 3G ). This provides evidence for a role of SP1 in the PAC-induced degradation of TOC33 and TOC75 but suggests that a currently unknown ubiquitin ligase is specifically involved in DELLA-dependent degradation of TOC159 by the UPS.
Levels of Photosynthesis-Associated Preproteins Are
Regulated at the Posttranscriptional Level under Low GA We provide evidence that DELLA interacts with TOC159 under low-GA conditions, which leads to degradation of TOC159 by UPS and diminishes the levels of the chloroplast protein import receptor. This in itself would be expected to impede chloroplast biogenesis. However, it also raises the question of the fate of preproteins destined for the chloroplast during early seed germination. Very high concentrations of ABA or PAC (20 mM) repress the expression of photosynthesis-associated genes in the embryo [27] . However, the expression of most photosynthesisassociated genes did not change significantly in WT in the presence of moderate PAC concentrations (5 mM) when compared with rgl2 in early seed germination [16] . We then investigated the accumulation of photosynthesis-associated as well as several non-photosynthetic proteins (FBN1A, FBN4, and MDH) in the presence or absence of low PAC concentrations (1 mM). In the absence of PAC, WT seedlings accumulated higher levels of photosynthesis-associated proteins, but not of the nonphotosynthetic proteins ( Figures 4A, 4B , S4A, and S4B). Moreover, rgl2 accumulated higher levels of photosynthesis-associated proteins than WT at the early stages of seed germination ( Figures S4C and S4D) . These results suggest regulation of preprotein abundance at the posttranscriptional level.
An Un-imported Model Preprotein Is Degraded by the UPS under Low GA It has been shown that un-imported chloroplast-destined preproteins accumulating in the cytosol are targeted for the UPS by the C terminus of Hsc70-interacting protein (CHIP) ubiquitin E3-ligase [28] . To address un-imported preprotein fate under low-GA conditions, we used RbcS(TP)-GFP (the transit peptide of the small subunit of rubisco preprotein fused to GFP) expressed in WT as a model. Seedlings treated with low PAC concentrations were import deficient as judged by the absence of imported GFP protein ( Figure 4C ). Furthermore, higher molecular mass, un-imported RbcS(TP)-GFP preprotein was detected by western blotting (Figure 4C ) together with weak GFP fluorescence at the chloroplast periphery ( Figure 4D ). In the absence of PAC, imported RbcS(TP)-GFP was detected by western blotting ( Figure 4C ) and resulted in strong GFP fluorescence inside chloroplasts ( Figure 4D ). These results show that low GA inhibits import of the model chloroplast preprotein and negatively regulates its concentration. Immunoprecipitation of un-imported RbcS(TP)-GFP under low GA followed by western blotting revealed higher molecular mass bands. Anti-ubiquitin western blotting indicated that these are due to ubiquitination of RbcS(TP)-GFP ( Figures 4E and 4F ).
Conclusions
Our studies provide a molecular frame work for the GA hormonal control of chloroplast biogenesis during seed germination. Environmental stress decreases the concentrations of GA during seed imbibition, and when GA levels are low the DELLA (RGL2) accumulates [10] [11] [12] . Under such conditions, seed germination as well as chloroplast biogenesis are attenuated. Under low GA, a posttranslational mechanism contributes to the delay of chloroplast biogenesis by limiting the chloroplast protein import pathway at the level of the TOC complex. Direct interaction with DELLA promotes the degradation of the TOC159 import receptor by the UPS prior to its assembly in the TOC complex. In the yeast two-hybrid screen, TOC159 interacted with all five
DELLAs. This suggests that DELLA-promoted TOC159 degradation as a means to control protein import into the chloroplast occurs at additional stages of development or under different types of stress in vegetative plants. As the import receptor TOC159 is essential for chloroplast biogenesis (the ppi2 loss-of-function mutant has an albino phenotype), it is a very suitable target for interference with chloroplast biogenesis [2] . The chloroplast (A and B) Immunoprecipitated NTAP-TOC159GM protein complex was analyzed by western blotting using immunoglobulin G (IgG) (to detect NTAP-TOC159GM), antibodies to RGL2, TOC75, UGPase, and LHCB2; NTAP/WT seedlings were used as a negative control (E, eluate; FT, flow-through; L, load; W5, last wash; A), and immunoprecipitated RGL2-HA protein complex was analyzed by western blotting using antibodies to HA (to detect HA-RGL2), RGL2, TOC159, and UGPase (B).
(C and D) Total protein extracts of 3-day-old WT seedlings grown on PAC treated with or without MG132, analyzed by immunoblotting using antibodies to TOC159, RGL2, and actin as a loading control (C), and specific bands were quantified and normalized with respect to actin. Data are relative to WT (D). Error bars indicate ± SEM (n = 4). Student's t test; **p < 0.01. (E) Immunoprecipitated GFP-TOC159GM protein complex was analyzed by western blotting using antibodies to GFP (to detect GFP-TOC159GM), ubiquitin, and UGPase.
(F and G) Total protein extracts of 66-hr-old seedlings grown on MS medium in the presence or absence of PAC were analyzed by immunoblotting using antibodies to TOC159, TOC75, and TOC33 proteins. Actin was used as a loading control (F), and specific bands were quantified and normalized to WT grown without PAC (G). Error bars indicate ± SEM (n = 3). Student's t test; *p < 0.05; **p < 0.01; ***p < 0.005. See also Figure S3 . Total protein extracts (L) were incubated with anti-GFP beads, and immunoprecipitated proteins were analyzed by western blotting using antibodies to GFP (to detect RbcS(TP)-GFP products; E) and ubiquitin (F). Different but identically loaded blots were used for western analysis (F). See also Figure S4 .
outer membrane ubiquitin E3-ligase SP1 [24] does not appear to be required for the DELLA-dependent degradation, presumably because the affected TOC159 never integrates into the outer membrane. Moreover, co-localization of TOC159 and RGL2 in the nucleus suggests that a cytoplasmic or nuclear E3-ligase is implicated. In contrast to TOC159, the reduced levels of TOC33 under low GA could be attributed to SP1 activity. SP1-independent degradation of TOC159 hints at the activity of an unknown E3-ligase. In the ppi2 mutant lacking TOC159, many nuclear genes encoding photosynthesis-associated proteins are strongly downregulated [2] . Under the low-GA/PAC conditions used in this study, TOC159 was diminished but the photosynthesis-associated genes were still expressed as in the absence of PAC. Still, the corresponding proteins were accumulating at reduced levels. Using RbcS(TP)-GFP as an in vivo model protein for chloroplast import, we provided evidence that ubiquitination of a preprotein in the cytosol and degradation by the UPS occurs when import is blocked. In view of the low-GA-induced import defect, this mechanism may be responsible for the removal of preproteins from the cytosol. Potentially, the cytosolic ubiquitin E3-ligase CHIP is involved in this scenario, as it is known to target un-imported preproteins [28] . When conditions become favorable for seed germination, GA accumulates to higher levels. The GA-Gibberellin insensitive dwarf1 (GID) complex binds to DELLA, leading to its ubiquitination by the F-box protein SLY1 and the SCF E3 ligase followed by degradation via the UPS [29] , which in turn stabilizes TOC159. The comparatively low levels of TOC159 in the sly1 mutant that accumulates RGL2 to high levels lend support to this scenario. Upon destruction of DELLA, TOC159 is immediately available for assembly into the TOC complex, which allows full import of photosynthesis-associated proteins into the chloroplast. Such a mechanism can assure a rapid switch from heterotrophic to photoautotrophic growth (visible as seedling greening) as soon as conditions allow. This in turn may improve the seedling's chances for survival in a challenging and stressful environment.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Plant materials and growth conditions
Wild-type and mutant plants were in the Columbia-0 (Col-0), Wassilewskija (Ws), and Landsberg erecta (Ler) ecotype. The sp1-3 and rgl2-13 mutants used in this study were in the Col-0 ecotype and previously described [24, 36] . The sly1-2 rgl2-13 double mutant was generated by crossing homozygous rgl2-13 and sly1-2 plants followed by genotyping. For genotyping the sly1-2 allele, PCR was performed using dcaps primers followed by DraI digestion. The della multiple mutant (N16298) are in the Ler background and were described previously [21] . The different combinations of della mutants used (rgl2-SK54 rga-28 gai-t6) and the pentuple della mutant are in the Col-0 background as previously described [37] . The ppi2 mutant, NTAP/WT, and NTAP-TOC159GM/ppi2 lines used in this study were in the Ws ecotype and previously described [38] . Plants were grown either on soil under long-day conditions (16 h light (120 mmol m -2 s -1 ), 8 h dark, 21 C, 70% relative humidity) or on Murashige and Skoog (MS) medium under short-day conditions (8 h light (120 mmol m -2 s -1 ), 16 h dark, 21 C, 70% relative humidity).
Seedling treatment
Seeds were surface-sterilized and placed on MS medium containing the desired concentrations of paclobutrazol (PAC) (5 mM, 2 mM, 1 mM), abscisic acid (ABA) (5mM), or both. Plates were then placed under standard growth conditions for 66 hours, unless indicated otherwise. For in vivo co-immunoprecipitation (CoIP) experiments and proteasome inhibitor experiments, the seedlings were further treated with MG132 (100 mM) in liquid MS medium by vacuum infiltration for 20 min. The MG132 vacuum-infiltrated seedlings were immersed in liquid MS medium for the next 12 hours. The corresponding volumes of solvents for PAC, ABA, and MG132 (ethanol, DMSO) were used in control experiments.
Plant transformation and transgenic lines
The coding sequence for TOC159GM was amplified from the pET21d-TOC159GM construct [38] with TOC159GM -F(GATE)/ TOC159GM -R(GATE) primers and ligated into the pENTR221 vector using BP clonase (Invitrogen) and inserted into the pB7WGF2 binary vector (http://www.psb.ugent.be/gateway/) using the LR clonase (Invitrogen), resulting in a vector coding for the GFP-TOC159GM fusion under the control of the 35S promoter. The TOC159 promoter was PCR amplified from genomic DNA using pTOC159-F(SpeI)/pTOC159-R (HindIII) primers, digested with SpeI/HindIII, and used to replace the cauliflower mosaic virus 35S promoter in the GFP-TOC159GM construct. The binary construct pTOC159:GFP-TOC159GM was introduced into Agrobacterium tumefaciens C58 and stably transformed into heterozygous ppi2 plants using the floral dip method [40] . Transformants were selected on phosphinotricine-containing medium and complemented homozygous lines were selected and named pTOC159:GFP-TOC159GM/ppi2.
METHOD DETAILS Yeast two-hybrid assays
The DELLA protein N-terminal part results in auto-activation in the yeast two-hybrid assay [20] . To avoid auto-activation, the sequence encoding a RGL2 fragment between amino acids 113 and 547 was amplified by PCR using primers RGL2-F(NdeI)/ RGL2-R(NcoI), digested with NdeI/NcoI, and ligated into the pGBKT7 (Clontech) vector to generate BD-DRGL2. The cDNA library obtained from 36-hour-old 5 mM PAC-, 3 mM ABA-treated Arabidopsis seedlings fused to the GAL4-AD in pGADT7 (Clontech) vector transformed into yeast strain Y187, and BD-DRGL2 transformed into yeast strain Y2H GOLD, was used as the bait vector for yeast 
